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CIRCUIT FOR DRIVING LIQUID DROP 
SPRAYING APPARATUS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of US. appli 
cation Ser. No. 09/640,163, ?led Aug. 16, 2000 noW 
abandoned, and US. application Ser. No. 09/701,552, ?led 
Jan. 8, 2001, Which Was the National Stage of International 
Application No. PCT/JP00/02018, ?led Mar. 30, 2000, the 
entireties of Which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a circuit for driving a 
liquid drop spraying apparatus used for a variety of 
machines, the liquid drop spraying apparatus treating a 
liquid or operating by spraying the liquid as a small amount 
of liquid drops. 

2. Description of Prior Art 
Aliquid drop spraying apparatus is generally composed as 

shoWn in a longitudinal cross section of FIG. 7, including a 
pieZoelectric or electrostrictive element 1 (pieZoelectric/ 
electrostrictive element) as a pressuriZing means for spray 
ing liquid. The pieZoelectric/electrostrictive element 1 is 
provided on a Wall face of a pressuriZing chamber 2 for 
pressuriZing liquid to be sprayed, a liquid drop spraying 
noZZle 3 is provided at the tip end of the pressuriZing 
chamber, and an introducing hole 5 for supplying liquid to 
the pressuriZing chamber 2 is formed at its proXimal end, 
thereby entirely constituting a liquid drop spraying unit 6. 
This liquid drop spraying unit 6 is concurrently formed in 
plurality, and an introducing hole 5 for a plurality of the 
adjacent liquid drop spraying units 6, 6, . . . is coupled With 
a common liquid supply path 7. 
A drive circuit for driving a liquid drop spraying appa 

ratus deforms the Wall of the pressuriZing chamber 2 by 
applying a predetermined voltage signal to the pieZoelectric/ 
electrostrictive element 1 and charging the element. In this 
manner, the drive circuit generates a pressure at the pres 
suriZing chamber 2, and causes the liquid supplied to the 
pressuriZing chamber from the liquid drop spraying noZZle 
3. In addition, the drive circuit causes poWer discharge and 
release deformation, thereby restoring the deformation of 
the pressuriZing chamber 2, and causes liquid to How from 
the introducing hole 5 to the pressuriZing chamber. 

In the meantime, in the liquid drop spraying apparatus, a 
large amount of liquid must be supplied for certain uses. In 
order to cope With such uses, the apertures of the noZZle and 
introducing hole have been increased in siZe. 

If the aperture of the liquid drop spraying noZZle 3 is too 
large, hoWever, only a small amount of liquid can be 
sprayed. The introducing hole 5 is not a mere path through 
Which liquid is supplied to the pressuriZing chamber 2, but 
serves to prevent back How even if pressuriZation is per 
formed so as to spray a small amount of liquid drops from 
the liquid spraying noZZle 3. Thus, the aperture cannot be 
Widened in?nitely. 

Therefore, it is considered that if the time interval for 
applying a predetermined voltage signal to the pieZoelectric/ 
electrostrictive element 1 is shortened, the number of signal 
applications per unit time is increased, and the number of 
supplies to the liquid drop spraying apparatus is increased. 
In that case, if the time interval for applying the voltage is 
shortened, there occurs a neW problem, in that a delay in 
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2 
liquid supply from the introducing hole 5 to the pressuriZing 
chamber 2 occurs, and a large amount of liquid cannot be 
constantly supplied. 

In addition, the pieZoelectric/electrostrictive element acts 
as a capacitor. Charging/discharging is repeated When the 
spraying operation is repeated. Thus, When an operating 
period is shortened, poWer consumption is further increased, 
and the calori?c value is increased. 

A technique to cope With the above increased poWer 
consumption is described in Japanese Patent Application 
Laid-open No. 10-107335 or Japanese Patent No. 2909150. 
A technique for shortening the application period of a 
voltage signal per unit time is disclosed in Japanese Patent 
Application Laid-open No. 8-300646. In Japanese Patent 
Application Laid-open No. 10-107335, there is disclosed an 
arrangement in Which an eXternal capacitor is provided for 
poWer recollection, a coil that is an inductance is interposed 
in a charge/discharge circuit, and part of a discharge of the 
pieZoelectric/electrostrictive element is effectively stored in 
the external capacitor and utiliZed for the neXt charge, 
thereby ensuring poWer saving. In Japanese Patent No. 
2909150, there is disclosed an arrangement in Which pieZo 
electric elements to be driven at different timings are mutu 
ally utiliZed as poWer recollecting means, thereby reducing 
poWer consumption Without additionally providing an exter 
nal circuit. 

HoWever, in all of these arrangements, although there is 
provided an advantageous effect on saving poWer 
consumption, a technique for constantly spraying a large 
amount of liquid is not described. Thus, the delay in liquid 
supply from the introducing hole to the pressuriZing cham 
ber is not solved. 

In addition, in Japanese Patent Application Laid-open No. 
8-300646, there is disclosed an arrangement in Which the 
rise of a drive voltage Wavelength is divided into tWo stages 
and/or three stages, Whereby the stability of meniscus is 
improved and the occurrence of satellite drops is suppressed. 
As a result of reducing a constant during discharge When the 
Waveform is divided into three stages, the printing speed is 
increased, thereby making it possible to increase an ink 
discharge quantity. HoWever, discharge start characteristics 
are not smooth at the respective stages. Thus, the printing 
speed cannot be signi?cantly increased, and the discharge 
quantity cannot be signi?cantly increased. 

In vieW of the foregoing problems, even in the case Where 
a large amount of liquid is sprayed, it is an object of the 
present invention to provide a circuit for driving a liquid 
drop spraying apparatus capable of smoothly supplying 
liquid to the pressuriZing chamber. 

SUMMARY OF THE INVENTION 

In order to solve the foregoing problems, according to a 
?rst aspect of the present invention, the folloWing is pro 
vided. A liquid drop spraying apparatus comprises a plural 
ity of units for spraying a small amount of liquid drops, 
Wherein each unit comprises a liquid drop spraying noZZle, 
a pressuriZing chamber for pressuriZing liquid to be sprayed 
from the noZZle, an introducing hole for supplying liquid to 
the pressuriZing chamber, and a pieZoelectric/electrostrictive 
element for operating the pressuriZing chamber to be pres 
suriZed. The liquid introducing holes of the plurality of the 
adjacent liquid drop spraying units are coupled With a 
common liquid supply path, and there is provided a liquid 
drop spraying apparatus driving circuit for applying a pre 
determined voltage signal to the pieZoelectric/ 
electrostrictive element, thereby deforming the Wall of the 
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pressuriZing chamber, and discharging from the nozzle the 
liquid to be supplied to the pressuriZing chamber by a 
pressure produced in the pressuriZing chamber. The ratio 
betWeen the introducing hole diameter and the noZZle hole 
diameter (introducing hole diameter/noZZle hole diameter) is 
in a range of 0.6 to 1.6, and the ratio betWeen the noZZle hole 
diameter and noZZle thickness (noZZle hole diameter/noZZle 
thickness) is in a range of 0.2 to 4. An applied voltage signal 
supplies a current to the pieZoelectric/electrostrictive ele 
ment to charge the element, and then holds the ?nal charge 
voltage for a predetermined time after applying the current. 
Discharging With tWo or more time constants during dis 
charge is then performed sequentially. The time constant 
during the ?rst discharging is greater than the time constant 
during the second discharging, and the second discharging is 
started at a voltage that is 35% to 70% of a voltage difference 
betWeen the charging start voltage and the ?nal charge 
voltage When the charging start voltage is de?ned as a 
reference. An inductance and a resistor are interposed in at 
least one discharge circuit in series With respect to the 
pieZoelectric/electrostrictive element. 

With this arrangement, When liquid drops are sprayed 
during the charging of the pieZoelectric/electrostrictive 
element, When a charge is discharged, the time constant 
during discharging of the ?rst discharge circuit is large, and 
thus, the pieZoelectric/electrostrictive element can start 
deformation gently. In the case Where liquid drops are 
sprayed simultaneously from a plurality of liquid drop 
spraying units, an operation for introducing liquid into a 
plurality of pressure chambers is reliably performed. Then, 
this operation goes to a suction operation in Which the time 
required for discharging a unit voltage value is short. Thus, 
liquid is supplied to the pressuriZing chamber smoothly and 
Within a short time, and the amount of liquid supply can be 
increased. 

If the second discharging begins at a voltage less than 
35%, gentle suctioning (at the ?rst discharge time constant) 
dominates too much of the entire suctioning step. Suctioning 
itself is reliably performed, but a large amount of suctioning 
per unit time cannot be provided. As a result, the spraying 
period cannot be shortened, and a large amount of spray 
cannot be ensured. In addition, if the time constant of the 
?rst discharging is comparatively small in a range Which is 
greater than the time constant during the second discharging 
so as to provide the suction quantity per unit time, unstable 
suctioning starts, resulting in a spray fault. In addition, if the 
second discharging begins at a voltage more than 70%, 
discharging at the larger, ?rst discharge time constant (i.e., 
gentle suctioning) is too small to smoothly start liquid 
suctioning. Then, the suction quantity of liquid from the 
liquid introducing hole to the liquid pressuriZing chamber 
after discharge is decreased, and the entrapment of air 
bubbles from the liquid discharge noZZle occurs, resulting in 
unstable spraying. 

Further, When spraying is performed as described above, 
a large ratio betWeen the noZZle and the introducing hole 
(introducing hole diameter/noZZle hole diameter) is prefer 
able in consideration of suctioning. HoWever, the rate at 
Which the pressure during spraying escapes to the introduc 
ing hole side is large, and the spraying force is shortened. 
Alternatively, if the above rate is small, it causes shortage of 
the quantity of liquid supply against the spray quantity. 
Thus, the ratio betWeen the introducing hole diameter and 
the noZZle hole diameter (introducing hole diameter/noZZle 
hole diameter) is preferably 0.6 to 1.6. 

Furthermore, the ratio betWeen the noZZle hole diameter 
and noZZle thickness (noZZle hole diameter/noZZle 
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4 
thickness) is preferably 0.2 or more and 4 or less. When the 
ratio is 4 or less, the residual vibration of the liquid level 
immediately after spraying can be converged speedily by a 
contact resistance betWeen the liquid on the noZZle Wall face. 
Still furthermore, air bubbles can be prevented from entry 
into the pressuriZing chamber With the pressure change in 
the pressuriZing chamber during discharge, and the spray 
stability can be improved. As a result, spraying can be done 
in a short period of time, and the spray quantity can be 
increased. In addition, When the ratio is 0.2 or more, there 
can be prevented a spray fault generated due to the shortage 
of the spraying force With a large contact resistance of the 
liquid on the noZZle Wall face. 

Yet furthermore, When the ratio betWeen the introducing 
hole and the noZZle hole, the ratio betWeen the noZZle hole 
and the noZZle thickness, and the discharge voltage rate are 
met simultaneously, the spray fault due to air bubble entry 
is prevented, Whereby a large amount of spray can be 
ensured. 

According to a second aspect of the present invention, as 
in the ?rst aspect, there is provided a circuit for driving a 
liquid drop spraying apparatus, Wherein a time (t4), mea 
sured from the time When discharging is started at the second 
discharge time constant to the time When the neXt predeter 
mined voltage signal is applied to the pieZoelectric/ 
electrostrictive element, is 1A or more and 20 times or less 
than that of a speci?c vibration period (To) When liquid is 
supplied to a How path composed of the liquid spraying 
noZZle, the pressuriZing chamber for pressuriZing the liquid 
discharged from the noZZle, the introducing hole for sup 
plying liquid to the pressuriZing chamber, and the 
pieZoelectric/electrostrictive element for operating the pres 
suriZing chamber to be pressuriZed. The ratio (t3/t4) betWeen 
a time (t3) When discharging begins using the ?rst discharge 
time constant and the time (t4) is in a range of 0.1 to 20. 
With this arrangement, When the time (t4), from the time 

When the pieZoelectric/electrostrictive element starts dis 
charging at the second discharge time constant to the time 
When the neXt predetermined voltage signal is applied, is 
less than 1A of the speci?c vibration period (To), the suction 
speed of liquid from the liquid introducing hole to the liquid 
pressuriZing chamber after spraying is too fast. Even if 
suctioning is started at the ?rst charging Without any fault, 
the liquid supply from the introducing hole is too late When 
suctioning is effected during the second discharging. Thus, 
air bubbles enter the pressuriZing chamber from the liquid 
drop spraying noZZle, resulting in a spray fault. In addition, 
When the rate is more than 20 times To, a large amount of 
suction per unit time cannot be provided. As a result, the 
spray period cannot be shortened, and a large amount of 
spray cannot be ensured. 

Further, When the ratio betWeen a time (t3), When dis 
charging is effected at the ?rst discharge time constant, to a 
time (t4), When a predetermined voltage signal is applied to 
the neXt pieZoelectric/electrostrictive element, is less than 
0.1, the rate of the ?rst discharging With its large time 
constant is small. Thus, the ratio of the liquid suction 
quantity during the ?rst discharging to the entire suction 
quantity decreases, and suctioning is too late during the 
second discharge suctioning. Then, air bubbles enter the 
pressuriZing chamber from the liquid drop spraying noZZle, 
causing a spray fault. In addition, When the above ratio is 
more than 20, a large amount of suction quantity per unit 
time cannot be provided. As a result, the spray period cannot 
be shortened, and a large amount of spray cannot be ensured. 

According to a third aspect of the present invention, as in 
the ?rst and second aspects thereof, in addition to a dis 
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charge circuit, an inductance and a resistor are interposed in 
series With respect to the charge circuit. 

With this arrangement, the voltage/time gradient during 
spraying is made linear, and the stability of liquid spraying 
is improved. 

According to a fourth aspect of the present invention, in 
a liquid drop spraying apparatus comprising a liquid drop 
spraying noZZle; a pressure chamber for pressuriZing liquid 
discharged from the noZZle, and a pieZoelectric/ 
electrostrictive element for operating the pressure chamber 
to be pressuriZed, Wherein the liquid introducing holes of a 
plurality of the adjacent liquid drop spraying units are 
coupled With a common liquid supply path, there is provided 
a discharge circuit for a liquid drop spraying apparatus for 
repeatedly discharging a pieZoelectric/electrostrictive ele 
ment to Which a predetermined voltage signal has been 
applied, thereby changing the Wall of the pressuriZing cham 
ber and discharging from the noZZle the liquid supplied to 
the pressuriZing chamber With a pressure generated in the 
pressuriZing chamber. The ratio betWeen the introducing 
hole diameter and the noZZle hole diameter (introducing hole 
diameter/noZZle hole diameter) is in a range of 0.6 to 1.6, 
and the ratio betWeen the noZZle hole diameter and noZZle 
thickness (introducing hole diameter/noZZle thickness) is in 
a range of 0.2 to 4. The discharge circuit discharges a current 
from the pieZoelectric/electrostrictive element to Which a 
charge voltage has been applied, and then holds the ?nal 
discharge voltage for a predetermined time. Charging With 
tWo or more different charge time constants is then per 
formed sequentially, and the second charging is started at a 
voltage that is 30% to 65% of a voltage difference betWeen 
the ?nal discharge voltage and the discharge start voltage 
When the ?nal discharge voltage is de?ned as a reference. 
The ?rst charge time constant is greater than the second 
charge time constant. An inductance and a resistor are 
interposed in series With respect to the pieZoelectric/ 
electrostrictive element in at least one charge circuit. 

With this arrangement, in the case Where liquid drops are 
sprayed during discharge of the pieZoelectric/electrostrictive 
element, a time constant is large When ?rst charging the 
charge circuit. Thus, the pieZoelectric/electrostrictive ele 
ment can start shape restoration gently. In the case Where 
liquid drops are sprayed from a plurality of liquid drop 
spraying units simultaneously, the operation for introducing 
liquid to a plurality of pressure chambers is reliably per 
formed. Then, this operation goes to a suction operation in 
Which the time required to charge a unit voltage value is 
short. Thus, the liquid supply to the pressure chambers can 
be performed smoothly and Within a short time, and the 
liquid supply quantity can be increased. 

If the second charging begins at a voltage more than 65%, 
gentle suctioning (at the ?rst charge time constant) domi 
nates too much of the entire suctioning step. Although 
suctioning is reliably performed, a large amount of suction 
ing per unit time cannot be provided. As a result, the 
spraying period cannot be shortened. Therefore, a large 
amount of spray cannot be ensured. If the ?rst charge time 
constant is comparatively smaller Within the range that is 
greater than the second charge time constant so as to provide 
the suction quantity per unit time, unstable suctioning is 
started, resulting in a spray fault. In addition, if the second 
charging begins at a voltage less than 30%, the rate of 
charging at the ?rst charge time constant (i.e., gentle 
suctioning) is too small to perform liquid suctioning start 
speedily, and unstable spraying occurs. 

Further, When spraying is performed as described above, 
a large ratio betWeen the introducing hole diameter and the 
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noZZle hole diameter (introducing hole diameter/noZZle hole 
diameter) is preferable in vieW of suctioning. HoWever, the 
rate at Which the spraying pressure escapes to the introduc 
ing hole side is large, and the spraying force becomes short. 
Alternatively, if the ratio is small, it causes a shortage of the 
quantity of liquid supply to the spray quantity. Thus, the 
ratio betWeen the introducing hole diameter and the noZZle 
hole diameter (introducing hole diameter/noZZle hole 
diameter) is preferably 0.6 to 1.6. 

Further, When the ratio betWeen the introducing hole 
diameter and the noZZle hole diameter, the ratio betWeen the 
noZZle hole diameter and noZZle thickness, and the charge 
voltage ratio are met simultaneously, spray faults due to air 
bubble entry are prevented, and a large amount of spray can 
be ensured. 

According to a ?fth aspect of the present invention, as in 
the fourth aspect thereof, a time (t40), from the time When 
charging is started at the second charge time constant to a 
time When the neXt predetermined voltage signal is applied 
to the pieZoelectric/electrostrictive element, is 1A or more 
and 20 times or less of a speci?c vibration period (To) When 
liquid is supplied to a How path composed of the liquid 
spraying noZZle, the pressuriZing chamber for pressuriZing 
liquid discharged from the noZZle, the introducing hole for 
supplying liquid to the pressuriZing chamber, and the 
pieZoelectric/electrostrictive element for operating the pres 
suriZing chamber to be pressuriZed. The ratio (t30/t40) 
betWeen a time (t30), When charging is performed at the ?rst 
charge time constant, and the time (t40), is 0.1 or more and 
20 or less. 

With this arrangement, When t40 is less than 1A of (To), the 
suctioning speed is too high. Thus, even if suctioning is 
started at the ?rst charging Without any failure, liquid supply 
from the introducing hole is too late When suctioning is 
performed at the second charging. Then, air bubbles enter 
the pressuriZing chamber from the noZZle hole, and spraying 
cannot be performed. In addition, When t40 is more than 20 
times (To), a large amount of suction per unit time cannot be 
provided. As a result, the spraying time cannot be shortened, 
and a large amount of spray cannot be ensured. 

According to a siXth aspect of the present invention, as in 
the fourth and ?fth aspects thereof, in addition to a charge 
circuit, an inductance and a resistor are interposed in series 
With respect to the discharge circuit. 
By doing this, the voltage/time gradient during spraying 

becomes linear, and the stability of liquid drop spraying is 
improved. 

According to a seventh aspect of the present invention, in 
a liquid drop spraying apparatus comprising a liquid drop 
spraying noZZle, a pressuriZing chamber for pressuriZing 
liquid sprayed from the noZZle, an introducing hole for 
supplying liquid to the pressuriZing chamber, and a 
pieZoelectric/electrostrictive element for operating the pres 
suriZing chamber to be pressuriZed, Wherein the liquid 
introducing holes of a plurality of the adjacent liquid drop 
spraying units are coupled With a common liquid supply 
path, there is provided a circuit for driving a liquid drop 
spraying apparatus for applying a predetermined voltage 
signal to the pieZoelectric/electrostrictive element, thereby 
deforming the Wall of the pressuriZing chamber, and dis 
charging from the noZZle the liquid supplied to the pressur 
iZing chamber, Wherein the applied voltage signal supplies a 
current to the pieZoelectric/electrostrictive element, and then 
holds a ?nal charge voltage for a predetermined time. 
Discharging With tWo or more different discharge time 
constants is then performed sequentially, and the ?rst dis 
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charge time constant is greater than the second discharge 
time constant. An inductance and a resistor are interposed in 
series With respect to the pieZoelectric/electrostrictive ele 
ment in at least one discharge circuit, the pieZoelectric/ 
electrostrictive elements are divided into at least tWo groups, 
a circuit for charging and discharging a current is provided 
at their respective groups, and at least part of the discharge 
current of one group is used for part of the charge current of 
the other group. 

With this arrangement, When liquid drops are sprayed 
during pieZoelectric/electrostrictive element charging, When 
a charge is discharged, the discharge time constant of the 
?rst discharge circuit is large. Thus, the pieZoelectric/ 
electrostrictive element can start deformation gently. In the 
case Where liquid drops are sprayed from a plurality of liquid 
drop spraying units simultaneously, an operation for intro 
ducing liquid to a plurality of pressure chambers can be 
reliably performed. Then, this operation goes to a suction 
operation in Which a time required to discharge a unit 
voltage value is short. Thus, liquid can be supplied to the 
pressure chamber smoothly and Within a short time, and the 
liquid supply quantity can be increased. 

In addition, the discharge poWer of one pieZoelectric/ 
electrostrictive element is directly employed as a charge 
current for the other pieZoelectric/electrostrictive element. 
Thus, there is no need to neWly provide discharging means, 
and further, poWer consumption can be saved. 

According to an eighth aspect of the present invention, in 
a liquid drop spraying apparatus comprising a liquid drop 
spraying noZZle, a pressuriZing chamber for pressuriZing 
liquid sprayed from the noZZle, an introducing hole for 
supplying liquid to the pressuriZing chamber, and a 
pieZoelectric/electrostrictive element for operating the pres 
suriZing chamber to be pressuriZed, Wherein the liquid 
introducing holes of a plurality of the adjacent liquid drop 
spraying units are coupled With a common liquid supply 
path, there is provided a discharge circuit for a liquid drop 
spraying apparatus for discharging the pieZoelectric/ 
electrostrictive element, thereby deforming the Wall of the 
pressuriZing chamber, and spraying from the noZZle the 
liquid supplied to the pressuriZing chamber With a pressure 
generated at the pressuriZing chamber, Wherein the dis 
charge circuit discharges a current from the pieZoelectric/ 
electrostrictive element to Which a charge voltage has been 
applied, and then holds a ?nal discharge voltage for a 
predetermined time. Charging With tWo or more different 
charge constants is then performed sequentially, and the ?rst 
charge time constant is greater than the second charge time 
constant. An inductance and a resistor are interposed in 
series With respect to the pieZoelectric/electrostrictive ele 
ment in at least one charge circuit, the pieZoelectric/ 
electrostrictive elements are divided into at least tWo groups, 
a circuit for charging and discharging a current is provided 
at their respective groups, and at least part of the discharge 
current of one group is used for part of the charge current of 
the other group. 

With this arrangement, When liquid drops are sprayed 
during pieZoelectric/electrostrictive element discharging, 
When charging, the charge time constant of the ?rst charge 
circuit is large. Thus, the pieZoelectric/electrostrictive ele 
ment can start shape restoration gently. In the case Where 
liquid drops are sprayed from a plurality of liquid drop 
spraying units simultaneously, an operation for introducing 
liquid to a plurality of pressure chambers can be reliably 
performed. Then, this operation goes to a suction operation 
in Which a time required to charge a unit voltage value is 
short. Thus, liquid can be supplied to the pressure chamber 
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smoothly and Within a short time, and the liquid supply 
quantity can be increased. 

In addition, the discharge poWer of one pieZoelectric/ 
electrostrictive element is directly employed as a charge 
current for the other pieZoelectric/electrostrictive element. 
Thus, there is no need to neWly provide discharging means, 
and further, poWer consumption can be saved. 
According to a ninth aspect of the present invention, as in 

the seventh aspect thereof, in addition to a discharge circuit, 
an inductance and a resistor are interposed in series With 
respect to a charge circuit. 

By doing this, the voltage/time gradient during spraying 
is made linear, and the stability of liquid drops spray is 
improved. 

According to a tenth aspect of the present invention, as in 
the eighth aspect thereof, in addition to a charge circuit, an 
inductance and a resistor are interposed in series With 
respect to a discharge circuit. 

By doing this, the voltage/time gradient during spraying 
is made linear, and the stability of liquid drops spray is 
improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of the present invention, ref 
erence is made to the folloWing detailed description of the 
invention, taken in conjunction With the folloWing draWings 
in Which: 

FIG. 1 is a circuit diagram illustrating an eXample of a 
circuit for driving a liquid drop spraying apparatus accord 
ing to the present invention; 

FIG. 2(a) and FIG. 2(b) each shoW operating character 
istics of the driving circuit shoWn in FIG. 1, Wherein FIG. 
2(a) shoWs voltage Waveforms applied to the pieZoelectric/ 
electrostrictive element to cause drop spraying upon charg 
ing; FIG. 2(b) shoWs control signals for FIG. 2(a); and FIG. 
2(c) shoWs voltage Waveforms When the pieZoelectric/ 
electrostrictive element causes drop spraying upon discharg 
ing; 

FIG. 3 is a circuit diagram of a circuit for driving a liquid 
drop spraying apparatus shoWing a second embodiment of 
the present invention; 

FIGS. 4(a) and 4(b) are vieWs shoWing applied voltage 
Waveforms; 

FIG. 5 is an illustrative vieW illustrating a longitudinal 
cross section of the center of a liquid drop spraying unit 
driven by the circuit for driving the liquid drop spraying 
apparatus shoWn in FIG. 1; 

FIG. 6 is a vieW investigating the stability of the liquid 
drop spraying apparatus When the discharge time constant of 
the voltage Waveform shoWn in FIG. 2(a) is changed; 

FIG. 7 is an illustrative vieW illustrating a central cross 
section of a liquid drop spraying unit of the liquid drop 
spraying apparatus; and 

FIGS. 8(a) and 8(b) illustrate another eXample of the 
liquid drop spraying unit driven by the circuit for driving the 
liquid drop spraying apparatus shoWn in FIG. 1. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Hereinafter, preferred embodiments of the present inven 
tion Will be described in detail With reference to the accom 
panying draWings. FIG. 1 shoWs an eXample of a circuit for 
driving a liquid drop spraying apparatus according to the 
present invention, the circuit causing spraying operation 
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during pieZoelectric/electrostrictive element charging. Ref 
erence numbers (10a to 10c) denote a Schmidt trigger IC for 
converting a signal from a control unit (not shoWn) such as 
a microcomputer to a drive circuit operating signal. Refer 
ence numerals R6, R7, and R8 each denote resistors for 
limiting a charge of Schmidt trigger IC 10, reference 
numeral M2 denotes a charge sWitch consisting of a 
P-MOSFET that supplies a charge current to a pieZoelectric/ 
electrostrictive element 1 (hereinafter, referred to as a pres 
suriZing element), and reference numerals M3 and M4 
denote ?rst and second discharge sWitches each consisting 
of N-MOSFETs for discharging the pressuriZing element 1. 

The charge sWitch M2 forms a charge circuit 12 together 
With a coil L1 and a resistor R1 provided in series at its 
output, and is controlled by a Schmidt trigger IC 10a via a 
sWitch M5. In addition, a ?rst discharge circuit 13a is 
formed by the ?rst discharge sWitch M3 and the coil L2 and 
resistor R2 provided in series at its discharge circuit, and is 
controlled by a Schmidt trigger IC 10b. In addition, a second 
discharge circuit 13b is formed by the second discharge 
sWitch M4 and the coil L3 and resistor R3 provided in series 
at its discharge circuit, and is controlled by a Schmidt trigger 
IC 10c. Here, in the second discharge circuit 13b, a time T4 
required to discharge a unit voltage value When discharging 
is started (this is determined by the coil L3, resistor R3, and 
capacitor C1) is set to be shorter than a time T3 required to 
discharge a unit voltage value When discharging is started in 
the ?rst discharge circuit. ‘Vp’ denotes a poWer supply 
voltage, and ‘Vd’ denotes a voltage applied to the pressur 
iZing element. 

FIG. 2(a) shoWs the characteristics of a voltage applied to 
the pressuriZing element of the driving circuit shoWn in FIG. 
1, Wherein ‘t1’ denotes a rise time for the charge circuit to 
charge the pressuriZing element 1, the pressuriZing element 
is gently risen by action of the coil L1, and the rise time ‘t1’ 
is adjusted by the coil L1 and resistor R1 as a time to ensure 
that the applied voltage ‘Vd’ reaches a desired voltage value. 
The pressuriZing element 1 is deformed by this charging 
operation, the pressuriZing chamber 2 is pressuriZed, and 
liquid drops are sprayed from the liquid drop spraying 
noZZle 3. In addition, ‘t2’ denotes a hold time for maintain 
ing for a predetermined time a state in Which the liquid has 
been sprayed in order to stabiliZe the pressure chamber 2 and 
the liquid contained in the pressuriZing chamber. 

Times ‘t3’ and ‘t4’ are fall times for sequentially operating 
the ?rst discharge circuit 13a and the second discharge 
circuit 13b. Time ‘t4’ required to discharge a unit voltage 
value When discharging of the second discharge circuit 13b 
is started is smaller than time ‘t3’ required to discharge a unit 
voltage When discharging of the ?rst discharge circuit 13a is 
started. Thus, the discharge characteristics at time ‘t4’ are 
protruded to be smaller than the discharge characteristics at 
time ‘t3’. HoWever, in any of these characteristics, a change 
When discharging is started becomes gentle by action of the 
coils L2 and L3. In addition, the coil L2 is provided, thereby 
a circuit Without the coil L3 can be preferably used in 
consideration of a balance betWeen the spray quantity and 
the supply quantity. 

In this manner, discharge circuits are provided at tWo 
stages, a change in the applied voltage ‘Vd’ during fall is 
?rst gentle and rapid in the middle, Whereby the liquid is 
supplied from the introducing hole 5 to the pressuriZing 
chamber 2 because the pressuriZing element 1 is deformed 
back toWard its original position. Since the supply speed is 
?rst loW, suctioning can be started uniformly from a plurality 
of introducing holes 5. The liquid suction speed at Which the 
change is rapid in the middle, and the How to the pressur 

15 

25 

35 

45 

55 

65 

10 
iZing chamber is started is accelerated, and a large amount 
of liquid can be suctioned. In comparing a case in Which the 
liquid is suctioned to the end at the ?rst suction speed, the 
drive period time T can be shortened, and the spray quantity 
from the noZZle can be increased in proportion to such 
shortening. Therefore, the liquid drop spray per a unit time 
can be increased. 

In addition, the coil L1 is interposed in the charge circuit 
12, Wherein the applied voltage ‘Vd’ does not rise rapidly 
When charging is started. Thus, the residual vibration fol 
loWed by spraying With deformation of the pressuriZing 
element 1 can be eliminated, the gradient of voltage/time can 
be stabiliZed, the spraying of liquid drops can be stabiliZed, 
air bubbles are not introduced from the noZZle during 
suctioning operation, and an occurrence of a spray failure 
can be prevented. Therefore, the hold time ‘t2’ can be 
shortened, the liquid spray quantity can be further increased, 
and the liquid can be supplied smoothly to the pressuriZing 
chamber. 

In addition, a change in applied voltage is made gentle by 
the coils L2 and I3 When discharging is started. Thus, the 
liquid can be further suctioned efficiently and the liquid 
supply quantity is further increased, and the spray quantity 
can be increased. 

FIG. 2(b) shoWs a control signal of a drive circuit. In the 
?gure, (1) denotes an output signal of Schmidt trigger IC 
10a, (2) denotes an output signal of Schmidt trigger IC 10b, 
and (3) denotes an output signal of Schmidt trigger IC 10c. 
As shoWn, in the charge circuit 12, a ‘Lo’ signal is output 
from the Schmidt trigger IC 10a, Whereby the charge sWitch 
M2 is turned ON, causing liquid drop spraying operation. In 
tWo discharge circuits 13a and 13b, a ‘Hi’ signal is output 
sequentially from a respective one of the Schmidt trigger ICs 
10b and 10c, Whereby the sWitches M3 and M4 are turned 
ON, causing liquid suction operation. 
Although the discharge time constant for liquid supply is 

sWitched at tWo stages, the time constant may be set so as to 
be reduced at tWo or more stages and more gradually. In 
addition, in order to change charge and discharge 
characteristics, resistors R1 to R3 may be changed, and a 
desired Waveform can be set inexpensively. 

Further, the pressuriZing element 1 is charged in order to 
spray liquid drops, and deformation occurs in the pressur 
iZing chamber 2. In contrast, in the case Where deformation 
is caused to occur in the pressuriZing chamber 2 by dis 
charging from the pressuriZing element 1, thereby spraying 
liquid drops, charge circuits With their different charge 
characteristics are provided at tWo stages, and the discharge 
circuit may be formed as one stage, as shoWn in FIG. 2(c). 

FIG. 5 shoWs an eXample of a liquid drop spraying 
apparatus that operates using the above driving circuit, and 
is a longitudinal cross section illustrating the center of a 
liquid drop discharging unit. This liquid drop spraying 
apparatus comprises a plurality of units according to the use 
mode by de?ning as one unit a liquid drop discharge unit 6 
each comprising pressuriZing means for discharging liquid, 
a pressuriZing chamber 2 for pressuriZing liquid to be 
discharged, a liquid discharge noZZle 3 coupled doWnWardly 
With the pressuriZing chamber 2, the noZZle discharging 
liquid to a treatment unit of the liquid drop spraying 
apparatus, and an introducing hole 5 for supplying liquid to 
the pressuriZing chamber 2. 

In the liquid drop discharge unit 6, a plurality of the 
adjacent pressuriZing chambers 2, 2 . . . are coupled With 
each other by means of a common liquid supply path 7 via 
the introducing hole 5, and a pieZoelectric/electrostrictive 
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element 1 is provided as pressuriZing means at a part of the 
upward Wall of the pressuriZing chamber 2. The 
pieZoelectric/electrostrictive element 1 laminates an upper 
electrode 16, a pieZoelectric/electrostrictive layer 18, and a 
loWer electrode 17. By applying a predetermined voltage 
signal, the pieZoelectric/electrostrictive layer 18 is deformed 
by electrophoresis generated betWeen the upper and loWer 
electrodes 16 and 17. Then, the liquid supplied to the 
pressuriZing chamber 2 is discharged from the noZZle 3 by 
the pressuriZing force generated at the pressuriZing chamber 
2 by deforming the Wall of the ?xed pressuriZing chamber 2. 

The ratio betWeen the diameter of the introducing hole 5 
and the noZZle 3 diameter (introducing hole diameter/noZZle 
hole diameter) is betWeen 0.6 and 1.6, for example, 1.0, and 
the ratio betWeen the noZZle hole diameter and noZZle 
thickness (noZZle hole diameter/noZZle thickness) is 
betWeen 0.2 and 4, for example, 2. 

The ratio betWeen the diameter of the introducing hole 5 
and the noZZle 3 diameter is betWeen 0.6 and 1.6, Whereby 
a balance in spraying force and suction force is obtained, and 
the shortage of the spray force or suction force is not 
eliminated. If the introducing hole diameter/noZZle hole 
diameter ratio exceeds 1.6, it provides good suctioning. 
HoWever, the rate at Which the pressure during spraying 
escapes to the introducing hole side is increased, and a 
shortage of the spraying force occurs. In addition, if the ratio 
is smaller than 0.6, it causes a shortage of the quantity of 
liquid supplied to the spray quantity. 

Further, if the noZZle hole diameter/noZZle thickness ratio 
is 4 or less, the residual vibration of the liquid level 
immediately after spraying can be converged speedily by a 
liquid contact resistance on the noZZle Wall face. Further, air 
bubbles are prevented from entering the pressuriZing cham 
ber 2 due to the vibration in internal pressure of the 
pressuriZing chamber during discharge, and the spray sta 
bility can be improved. As a result, the liquid can be sprayed 
Within a short period, and the spray quantity can be 
increased. If the above ratio is 0.2 or more, the shortage of 
the spraying force due to an increased liquid contact resis 
tance on the noZZle Wall face occurs, and a spray fault can 
be prevented. In the above embodiment, the noZZle hole 
diameter is in a range of 25 microns to 100 microns. 

In addition, FIG. 6 is measurement data indicative of the 
stability of the spraying operation of the liquid drop spraying 
apparatus by changing a voltage from discharge due to the 
?rst discharge time constant to discharge due to the second 
discharge time constant When the drive voltage of the 
pieZoelectric/electrostrictive element is constant at 40 V, and 
is constant When t1=20 microseconds, t2=5 microseconds, 
t3=20 microseconds, and t4=10 microseconds. 
As shoWn, When a voltage migrating to discharge due to 

the second discharge time constant is betWeen 38% and 63% 
of the ?nal discharge voltage, spraying operation can be 
preferably performed, and preferable operation is not indi 
cated at 25% and 75%. In this Way, the voltage for starting 
second discharge is ranged, second discharging is preferably 
started at a voltage from 35% to 70% of the applied voltage, 
that is, of the charge voltage. If the ratio betWeen the 
introducing hole diameter and the noZZle hole diameter, the 
ratio betWeen the noZZle hole diameter and noZZle thickness, 
and the second discharge start voltage are met 
simultaneously, a spray fault due to entrapment of air 
bubbles from the liquid drop spraying noZZle is prevented, 
and a large amount of spray can be ensured. 

When the second discharge start voltage is less than 35%, 
discharging at the ?rst discharge time constant (i.e., gentle 
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suctioning) dominates too much of the entire suctioning 
step. Suctioning itself is reliably performed, but a large 
suction quantity per unit time cannot be provided. As a 
result, the spray period cannot be shortened, and a large 
amount of spray cannot be ensured. In addition, if a com 
parative suction time is set to be small in a range in Which 
the ?rst discharge time constant is greater than the second 
discharge time constant, so as to provide a suction quantity 
per unit time, unstable suctioning is started, and the shortage 
of spray quantity is caused. In addition, if the above rate is 
more than 70%, discharging at the ?rst discharge time 
constant is too small to speedily start liquid suctioning. 
Consequently, the liquid suction quantity from the liquid 
introducing hole 5 to the liquid pressuriZing chamber after 
discharge decreases, and the entrapment of air bubbles in the 
noZZle 3 occurs, resulting in unstable spraying. 

Further, a time ‘t4’ at Which discharging is performed at 
the second discharge time constant is 1A or more and 20 or 
less of the speci?c vibration period ‘To’, as de?ned above. 
The ratio ‘t3/t4’, betWeen the ?rst discharge time ‘t3’ and the 
second discharge time ‘t4’, is preferably 0.1 to 20. By setting 
this range, the liquid from the introducing hole can be 
supplied smoothly relevant to the suction speed, and spray 
ing operation can be Well performed Without air bubble entry 
from the noZZle to the pressuriZing chamber. 
When the time ‘t4’ is less than To/4, the suction speed is 

too high. Thus, even if the ?rst discharge is Well performed, 
liquid supply from the introducing hole is too late because 
of suctioning operation during the second discharge, air 
bubbles enter the pressuriZing chamber 2 from the noZZle 3, 
and a spray fault occurs. In addition, When the time ‘t4’ is 
more than 20T, a large amount of suction quantity per unit 
time cannot be provided. As a result, the spray period cannot 
be shortened, and a large amount of discharge cannot be 
ensured. Further, in the case Where the ratio of t3/t4 is less 
than 0.1, the rate of the ?rst discharge With its large time 
constant is small, and the ratio of liquid suction rate during 
the ?rst discharge to the entire suction quantity decreases. 
Thus, suctioning is too late When suctioning is performed 
during second discharge, and a spray fault is likely to occur. 
When the above ratio is more than 20, an advantageous 
effect due to the setting of the second discharge time 
constant is eliminated. In vieW of a large amount of spray, 
an advantageous effect due to increasing the drive frequency 
can be utiliZed as more effective means. 

The discharge time constant for liquid supply is sWitched 
into tWo stages. It is preferable to set the discharge time 
constant so as to be increased at tWo or more stages and 

gradually. In addition, a pieZoelectric/electrostrictive ele 
ment is charged for the purpose of liquid drop spraying, and 
a pressuriZing chamber is deformed. In contrast, in the case 
Where discharging is performed from the pieZoelectric/ 
electrostrictive element, thereby causing deformation in the 
pressuriZing chamber, and spraying liquid drops, charging 
With the second charge time constant is started at a voltage 
that is 30% to 65% of the discharge start voltage. 

FIGS. 8(a) and 8(b) are illustrative vieWs of a liquid drop 
spraying unit that causes reverse operation (see FIG. 2(c)) 
With respect to the liquid drop spraying apparatus shoWn in 
FIG. 5 and that deforms the pressuriZing chamber during 
discharge to spray liquid drops by employing an MLP 
(laminated actuator) for the pieZoelectric/electrostrictive 
element, Wherein FIG. 8(a) is a longitudinal cross section, 
and FIG. 8(b) is an arroW vieW of the cross section taken 
along line A—A. In the ?gures, reference numeral 23 
denotes a ?xing member for ?xing the pieZoelectric/ 
electrostrictive element, reference numeral 20 denotes a 



US 6,702,196 B2 
13 

positive electrode, reference numeral 21 denotes a negative 
electrode, and reference numeral 22 denotes a pieZoelectric/ 
electrostrictive layer. Like constituent elements, identical to 
those shoWn in FIG. 5, are denoted by like reference 
numbers. 

In the case of the illustrative embodiment, the ratio 
betWeen the introducing hole diameter and the noZZle hole 
diameter and the ratio betWeen the noZZle hole diameter and 
noZZle thickness may be similar to that shoWn in the 
above-described illustrative embodiment, the second charge 
start voltage may be 30 to 65% of a voltage difference 
betWeen the ?nal voltage and the charge start voltage When 
the ?nal voltage is de?ned as a reference. In addition, the 
time ‘t40’, at Which charging is performed at the second 
charge time constant, may be 1A or more and 20 times or less 
of the speci?c vibration period To, as is the case With the 
above-described illustrative embodiment, and the ratio ‘t30/ 
t40’, betWeen the charge time ‘t30’ With the ?rst charge time 
constant and the charge time t40 may be 0.1 to 20. 

FIG. 3 is a circuit diagram of essential portions illustrating 
a second embodiment of the present invention, Wherein a 
second pressuriZing element 11 is provided as poWer storage 
means for poWer saving. A charge circuit consists of three 
FETs With a ?rst charge sWitch M12, a second charge sWitch 
M15, and a third charge sWitch M16. A discharge circuit is 
formed of three FETs With a ?rst discharge sWitch M13, a 
second discharge sWitch M14, and a third discharge sWitch 
M17. In addition, resistors R11 to R16 each determine 
charge and discharge characteristics of each circuit together 
With both of the pressuriZing elements 1 and 11. In ?rst 
charge sWitch M12 and the ?rst discharge sWitch M13, coils 
L11 and L12 are inserted in series into resistors R11 and 
R12. D1 to D4 each denote a diode. 

The operation of this circuit Will be described With 
reference to the applied voltage characteristic charts shoWn 
in FIGS. 4(a) and 4(b). FIG. 4(a) shoWs an applied voltage 
Waveform of a ?rst pressuriZing element 1, and FIG. 4(b) 
shoWs an applied voltage Waveform of a second pressuriZing 
element 11. At a ?rst charge period ‘t21’, a ?rst charge 
sWitch M12 is ?rst turned ON, thereby discharging a second 
pressuriZing element 11, and the ?rst pressuriZing element 1 
is charged by the discharge from element 11. At a second 
charge time ‘t22’, a second charge sWitch M15 is then turned 
ON, thereby charging the shortage of charge, and a third 
discharge sWitch M17 is turned ON, thereby completely 
discharging the pressuriZing element 11. 

Then, at a period ‘t23’, after its state has been held for a 
predetermined time, the ?rst discharge sWitch M13 is turned 
ON at the ?rst discharge time ‘t24’, thereby discharging 
poWer from element 1, and its discharge is used to charge 
second pressuriZing element 11. At a second discharge time 
‘t25’, the second discharge sWitch M14 is turned ON, 
thereby discharging the residual capacity from element 1, 
and the third charge sWitch M16 is turned ON, thereby 
charging the shortage of the charge of the second pressur 
iZing element 11, and its state is held at a time ‘t26’. In this 
time, When the time ‘t21’ is started, ‘t21’ to ‘t26’ are de?ned 
as one period for charging and/or discharging, the ?rst and 
second pressuriZing elements 1 and 11 operate in synchro 
nism With each other, and the voltage Waveform is repeat 
edly applied. 

In this manner, When pressuriZing elements operated by 
shifting a half period are provided, these mutual elements 
can be employed as poWer storage means, and a discharge 
charge can be ef?ciently utiliZed Without additionally pro 
viding poWer storage means such as a capacitor. Therefore, 
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in the case Where a plurality of pressuriZing elements are 
provided, these pressuriZing elements are divided into tWo 
or more groups. When the elements are operated by shifting 
about a half period, at least part of the discharge current of 
one group can be used for at least part of the charge current 
of the other group, and poWer consumption can be further 
saved. 

Although the above illustrative embodiment is composed 
of an analog circuit, the drive Waveform is generated by 
means of a digital signal. This digital signal can be converted 
into an analog signal, and the drive Waveform can be 
preferably set. In addition, although a charge sWitch or a 
discharge sWitch is fully MOS shaped FET, the driving 
circuit may be composed of a transistor Without being 
limited thereto. 
Advantageous Effect of the Invention 
As has been described above in detail, according to the 

present invention, liquid can be supplied to a plurality of 
pressuriZing chambers smoothly and Within a short time, and 
the liquid supply quantity can be increased. In addition, 
liquid suctioning can be started gently, the liquid can be 
suctioned ef?ciently, and the liquid supply quantity can be 
further increased. Therefore, the application period can be 
further shortened, the liquid ejection quantity can be further 
increased, and the liquid can be supplied to the pressuriZing 
chambers smoothly. 
We claim: 
1. A circuit for driving a liquid drop spraying apparatus 

including a plurality of units for spraying a small amount of 
liquid drops, each unit comprising a liquid spraying noZZle, 
a pressure chamber for pressuriZing liquid to be sprayed 
from the noZZle, an introduction hole for supplying liquid to 
the pressure chamber, and a pieZoelectric/electrostrictive 
element for operating the pressure chamber, Wherein the 
introduction hole of each unit communicates With a common 
liquid supply path, the ratio of a diameter of the introduction 
hole to a diameter of the noZZle is in a range of 0.6 to 1.6, 
and the ratio of a diameter of the noZZle to the thickness of 
the noZZle is in a range of 0.2 to 4, said circuit comprising: 

at least one charging circuit for providing an applied 
voltage signal to the pieZoelectric/electrostrictive ele 
ment to deform a Wall of the pressure chamber and eject 
from the noZZle the liquid supplied to the pressure 
chamber by a pressure produced in the pressure 
chamber, and for holding a ?nal charge voltage for a 
predetermined time; and 
least one discharging circuit comprising at least one 
inductor and at least one resistor connected in series 
With said pieZoelectric/electrostrictive element, said 
discharging circuit sequentially performing ?rst and 
second discharging steps With at least tWo discharge 
time constants, Wherein the ?rst discharge time con 
stant is greater than the second discharge time constant, 
said discharging circuit starting the second discharging 
step at a voltage that is 35% to 70% of a voltage 
difference betWeen a starting charge voltage and a ?nal 
charge voltage When the starting charge voltage is 
de?ned as a reference. 

2. A circuit for driving a liquid drop spraying apparatus 
according to claim 1, Wherein a time (t4), from a time When 
discharging is started With the second discharge time con 
stant to a time When a neXt predetermined voltage signal is 
applied to the pieZoelectric/electrostrictive element, is in a 
range of 1A1 to 20 times that of a speci?c vibration period (To) 
When liquid is supplied to the How path, Wherein a ratio 
(t3/t4) betWeen a time (t3) When discharging is effected With 
the ?rst discharge time constant and the time (t4) is in a 
range of 0.1 to 20. 

at 
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3. A circuit for driving a liquid drop spraying apparatus 
according to claim 1, Wherein said charging circuit includes 
at least one inductor and at least one resistor connected in 
series With said pieZoelectric/electrostrictive element. 

4. A circuit for driving a liquid drop spraying apparatus 
according to claim 1, comprising at least ?rst and second 
units including ?rst and second pieZoelectric/electrostrictive 
elements, respectively, Wherein current discharging from 
said ?rst pieZoelectric/electrostrictive element is used to 
charge said second pieZoelectric/electrostrictive element. 

5. A circuit for driving a liquid drop spraying apparatus 
including a plurality of units for spraying a small amount of 
liquid drops, each unit comprising a liquid spraying noZZle, 
a pressure chamber for pressuriZing liquid to be sprayed 
from the noZZle, an introduction hole for supplying liquid to 
the pressure chamber, and a pieZoelectric/electrostrictive 
element for operating the pressure chamber, Wherein the 
introduction hole of each unit communicates With a common 
liquid supply path, the ratio of a diameter of the introduction 
hole to a diameter of the noZZle is in a range of 0.6 to 1.6, 
and the ratio of a diameter of the noZZle to the thickness of 
the noZZle is in a range of 0.2 to 4, said circuit comprising: 

at least one discharging circuit for discharging current 
from the pieZoelectric/electrostrictive element from a 
starting discharge voltage to a ?nal discharge voltage 
thereby deforming a Wall of the pressure chamber and 
discharging from the noZZle the liquid supplied to the 
pressure chamber by a pressure produced in the pres 
sure chamber, said discharging circuit holding a ?nal 
discharge voltage for a predetermined time; and 

at least one charging circuit comprising at least one 
inductor and at least one resistor connected in series 
With said pieZoelectric/electrostrictive element, said 
charging circuit sequentially performing ?rst and sec 
ond charging steps With at least tWo charge time 
constants, Wherein the ?rst charge time constant is 
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greater than the second charge time constant, said 
charging circuit starting the second charging step at a 
voltage that is 30% to 65% of a voltage difference 
betWeen a ?nal discharge voltage and a starting dis 
charge voltage When the ?nal discharge voltage is 
de?ned as a reference. 

6. A circuit for driving a liquid drop spraying apparatus 
according to claim 5, Wherein a time (t40), from a time When 
charging is started With the second charge constant to a time 
When the neXt predetermined voltage signal is applied to the 
pieZoelectric/electrostrictive element, is in a range of 1A1 to 
20 times that of a speci?c vibration period (To) When liquid 
is supplied to a How path, Wherein a ratio (t30/t40) of a time 
(t30) When charging is performed With the ?rst charge time 
constant to the time (t40) is in a range of 0.1 to 20. 

7. A circuit for driving a liquid drop spraying apparatus 
according to claim 5, Wherein said discharging circuit 
includes at least one inductor and at least one resistor 
arranged in series With said pieZoelectric/electrostrictive 
element. 

8. A circuit for driving a liquid drop spraying apparatus 
according to claim 5, comprising at least ?rst and second 
units including ?rst and second pieZoelectric/electrostrictive 
elements, respectively, Wherein current discharging from 
said ?rst pieZoelectric/electrostrictive element is used to 
charge said second pieZoelectric/electrostrictive element. 

9. A circuit for driving a liquid drop spraying apparatus 
according to claim 4, Wherein said charging circuit includes 
at least one inductor and at least one resistor connected in 
series With said pieZoelectric/electrostrictive element. 

10. A circuit for driving a liquid drop spraying apparatus 
according to claim 8, Wherein said discharging circuit 
includes at least one inductor and at least one resistor 
arranged in series With said pieZoelectric/electrostrictive 
element. 


